Abstract-This paper investigates the performance of an all-optical method for amplification gain control to be applied in the next generation of optical networks. An erbium-doped fiber amplifier is implemented in a simple and passive all-optical configuration known as optical gain-clamped optical amplifier (OA). The paper investigates the dynamic performance of the OA and discusses the interplay of amplifier dynamics with different traffic statistics. The investigation concerns exhaustive characterization of bit error rate performances under typical optical burst switching (OBS) traffic as well as special case of sudden power variation at the amplifier input. All obtained results show a reduction in the amplifier output power overshot compared to the case where the same OA operates without any gain stabilization technique. As an example, in the typical OBS traffic scenario, a reduction of 3 dB is observed.
I. INTRODUCTION

I
MPROVEMENTS on transmission capacity of optical networks and on broadband services have continuously increased the traffic to be processed on current point-to-point networks. The consequence is that complexity and data processing increase, as so does the cost. The latter is critical if the resources are not flexible and constant upgrades are required.
Several alternative techniques have been studied to make more efficient the use of the resources. One of the proposed solutions is the migration of switching technologies from the electronic to the optical domain, with information gathered in packets or bursts. Optical burst switching (OBS) [1] network is a proposed design whose goal is to carry data bursts transparently through the network as an optical signal. This allows different clients to use and share wavelength resources.
A characteristic of burst transmission is that the power of a single channel is constantly changing, depending on whether it is transmitting or not. Considering a wavelength-division multiplexing (WDM) system with several burst channels, the total power oscillates according to the channels traffic at each instant. Power variations of the OBS network may be a problem when considering amplifier dynamics. When an erbium-doped fiber amplifier (EDFA) operates in saturated regime, variations of the input power affect its gain. An increase of input power results in more stimulated emission, a phenomenon that reduces population inversion in the amplifier cavity, reducing, therefore, the gain of the amplifier. Analogously, a decrease of the input power of an amplifier in saturation reduces stimulated emission, increasing population inversion and the gain.
The influence of power variation on the EDFA gain depends, among other factors, on the burst interarrival time. While the amplifier is transparent to gigabit modulation rates, WDM burst channels randomly switched on and off impact on the amplifier gain. Gain changes translate into dynamic power fluctuations and degradation of the SNR in all channels, which accumulate with cascades of amplifiers [2] . The EDFA gain spectrum slope is also affected, meaning that different WDM channels will face different gains.
Stabilization of the amplifier gain is a possible solution to minimize bit error rate (BER) penalties. There are several techniques proposed based on electronics [3] , [4] or optical control [5] .
This article investigates the effectiveness of all-optical gainclamped amplification with typical OBS traffic. Main advantages are the use of passive components, low-cost, and easy to upgrade standard amplifiers. However, relaxation oscillation frequencies may accumulate spurious power variation along the amplifier chain [6] . Although these power variations are relatively small, so far no complete set of BER measurements were carried out relating the peak-to-peak oscillations to a BER value. In this paper, we report a thorough investigation of the optical gain-clamped optical amplifier (OGC-OA) dynamics behavior in terms of power evolution, eye diagrams, and BER.
The paper is organized as follows. Section II analyzes amplification impairments caused by power oscillations in OBS networks and investigates the effectiveness of an all-optical method for gain stabilization. Analyses performed are qualitative and quantitative, with measurement of the power fluctuations of the amplified signals, eye diagrams, and BER. Section III discusses the characteristics and statistics of burst traffic and describes a tailor-made OBS platform. The effectiveness of the clamping technique is experimentally analyzed with typical OBS traffic. Section IV concludes the paper. 
II. EXPERIMENTAL INVESTIGATION OF BURST AMPLIFICATION
A. Experiment Setup
The setup implemented for the experiments described on this article represents a scenario of burst traffic with 16 WDM channels, which is optically amplified. The experiments focus on the degradation in transmission caused by the variation of power at the amplifier input. The constant adding and dropping of channels is perceived by the amplifier as a total input power variation, regardless of which channels are added or dropped. This leads to the assumption that the traffic can be represented by a single laser source, instead of 16, provided that the traffic behavior is known. The laser source here contains the traffic total power concentrated at a single wavelength. This is actually a worse scenario than distributing the power into several channels spread over different wavelengths across the C-band, as it happens in a real system. In fact in the latter case, the negative effect of spectral hole burning (SHB) [7] is reduced.
The traffic is simulated here with a tunable laser set to dBm and 1550 nm. The signal is modulated according to the pulse pattern generator (PPG2) connected to the acousto-optic modulator (AOM). The PPG2 provides the AOM with the number of channels being transmitted simultaneously over time. This means that the power level of the tunable laser varies with the number of channels being transmitted.
Signal amplification is achieved with a standard commercial EDFA whose pump power is set to 155 mW, which corresponds to a 17 dB gain with dBm input power. In addition, the amplifier is also used as active medium in a laser cavity resonator configuration [5] , which stabilizes its gain by providing optical feedback. Cavity losses are determined by a variable attenuator (VA), coupling losses of the ring, and the insertion losses of the optical devices used. For sake of simplicity, the ring cavity configuration used allows the lasing wavelength to be varied with a tunable narrowband filter (0.2 nm full-width at half-maximum) present in the cavity loop. During the experiment, the tunable narrowband filter was centered at 1548 nm, which determines the resonating wavelength. This choice reduces the SHB effect due to the use of a single 16-channel source, with the laser and signal wavelengths quite close to each other. [8] . To guarantee the clamping robustness, the pump power is increased by a factor with respect to the pump power needed to start lasing action. The pump power is defined as , where is the pump power at the lasing threshold, and it is about the same power needed to drive the OA to the same gain level without clamping. Note that the cavity passive length is minimized (around 5 m) in order to enhance the performance of the clamping method [9] .
In a laser system, there are intrinsic dynamics related to the relaxation oscillations-i.e., the natural frequency at which the laser power (hence the amplifier gain) oscillates once the system is perturbed. These gain oscillations may impact the quality of the signal amplified; therefore, an investigation is carried out.
In order to test the signal quality, the experiment uses a probe channel with average power of dBm at 1556.5 nm. The probe channel is configured either as a continuous wave or as a binary sequence, depending on the experiment. In the latter, A BER tester (BERT) compares the data generated with the one identified by the receiving block (10G RX). The optical bandpass filter (OBPF) is tuned to the probe channel wavelength while the power received is controlled by a VA.
B. On-Off Cases
The first set of experiments is devoted to evaluate the gain excursion induced by large and abrupt (less than 1 s rise/fall time) change in the input power. The first approach simulates a worst-case scenario, where the maximum variation in power occurs. This represents the case where the system undergoes sudden drop of all the channels transmitted and, analogously, all the channels are simultaneously switched on, due to channel reconfiguration.
The tunable laser that represents all the channels is modulated by a square wave at 1 kHz, with maximum power equal to dBm. The value is set higher on this experiment in order to stress the worst case of operation of the EDFA, which guarantees that it operates in the saturation regime.
The gain variation of the surviving channel represented by the probe channel is analyzed both with and without gain clamping. The gain excursion of the probe channel is shown in Fig. 2 . We note an offset of nearly 6 dB for unclamped condition while the power excursion is limited to 0.5 dB when the OGC-OA configuration is used. Expanded details of OGC-OA measurement are shown in Fig. 3 .
The experiment is repeated with lower signal power variation. The maximum power is now set to dBm, which represents a 4-channel WDM system. Fig. 4 shows the gain variation for the OA without and with gain stabilization. The offset for the first case is around 3.1 dB, while clamping the gain limits the power excursions to less than 0.2 dB (shown in detail on Fig. 5 ).
Both cases showcase significant reduction in the maximum gain excursion when OGC-OA is used. Also note that even the worst case-16-channel ON/OFFshown in Fig. 3 -indicates that the clamped gain amplifier reduces considerably the ripple to a value of 0.5 dB, which is quite reasonable.
A second set of experiments evaluates the impact of gain excursion on eye-diagram quality and BER measurements. For this purpose, the continuous probe channel is replaced by a If the input power of the amplifier is reduced, the amplifier operation is closer to linear regime, which increases its gain. This is the reason that the eye opening height is higher in Fig. 7 (a) than in Fig. 6(a) . Note that the two figures are in the same scale.
To quantify the evidence of eye diagram differences, we measured BER values as shown in Fig. 8 . The BER curves of the two clamped cases are similar. In fact, comparing once again the cases with 16 and 4 channels with clamped gain, the slight difference in ripples shown in Figs. 3 and 5 is not noticeable in the eye diagrams of Figs. 6(b) and 7(b). If instead the BER curve comparison is made among the unclamped cases, the penalty induced with large number of channel is higher, more than 1.5 dB at , which is in accordance to the difference observed in the eye diagrams in Figs. 6(a) and 7(a).
The curves demonstrate that the OGC-OA is robust in terms of BER for both ON-OFF cases at a 1-kHz rate, with 3-dB improvement for the worst case (16 channels). Since these simultaneous addition and drop of a large channel number is unlikely to occur, the results indicate that input power variation at this given rate do not affect the robustness of the clamping configuration.
Further understanding of the behavior of the amplifier is obtained by varying the rate of the input power steps. In fact, as previously mentioned, the OGC-OA has some intrinsic dynamics, related to the relaxation oscillation frequency (ROF), while the unclamped OA has a rise/fall dynamic with time constant related to erbium lifetime of about 8 ms in silica fibers. The worst case of 16 channels ON-OFFis implemented and the channels add/drop frequency is varied. An increase of the ON-OFF frequency has nontrivial meaning: for OGC-OA it implies that the OA has less time for stabilizing its gain but also that the perturbation lasts less time; for unclamped OA it implies less time for gain rising and when the frequency is faster than the erbium lifetime, an equivalent average input power is seen by the unclamped amplifier. Fig. 9 shows the case where the frequency is 4 kHz. This gain variation should be compared with Fig. 2 , where the frequency is 1 kHz for the same power. For the case where the gain is not clamped, it is possible to observe that the faster change of input power does not allow enough time for the gain to stabilize.
Increasing the frequency to 10 kHz, the effect is even clearer, as shown in Fig. 10 . The response of the amplifier is slow if compared to the ON-OFF frequency and this may generate interplay between oscillations in the ON and OFFtime slots [10] . Fig. 11 shows that at a frequency equal to 100 kHz, the amplifier is nearly insensitive to the changes in the input power of the amplifier. Therefore, there is no significant difference in clamping or not the amplifier gain.
By comparing the cases with clamped gain in Figs. 2, 9, and 10, one observes that the initial ripples behave the same way-apart from an interplay behavior that is observed in Fig. 10 because the add/drop frequency approaches the resonator cavity ROF, which could induce chaotic behavior as reported in [10] . Nevertheless, these ripples are not enough to affect the BER. This may be observed in Fig. 12 , where the cases with clamped gain are roughly equal within uncertainties. On the contrary, as expected, gain ripples in Figs. 2, 9-11 decrease for unclamped OA. Therefore, unclamped OA looks more stable for very fast sustained modulations in the range of 10 kHz to about 100 kHz. However, we note here that, as discussed about the OBS traffic, it is very unlikely to have more than two ON/OFF modulation at the same frequencies. Therefore, the ripples of OGC-OA, originated by long sequences of ON/OFF modulation, are likely to be much smaller with real traffic [11] . This constitutes the investigation reported in the next section of this paper.
III. CHARACTERISTICS OF BURST TRAFFIC
An OBS network consists of a set of edge and core nodes connected by WDM links. At the edge nodes, packets coming from the client networks are assembled according to their forwarding equivalence class into so-called bursts (burstification process). After transmission through the network toward their destination, the bursts are disassembled at the egress and the packets are forwarded to the destination clients. The main design objective is that the bursts are carried transparently inside the OBS network as an optical signal. Besides, the control information is carried on a dedicated channel separately from the burst. In such a network, the wavelength resources are temporarily utilized and shared between different clients. The aggregation of user data (i.e., the bursts) helps to improve the network scalability, as well as it relaxes the switching requirements [1] . Fig. 12 . BER curves for the probe channel under simultaneous drop and addition of 16 channels at rates of 1, 4, 10, and 100 kHz on a WDM system with both clamped and nonclamped optical amplification.
Prior to the evaluation of the impact of OBS traffic in OGC-OA/OA scenarios, we first provide a description of the traffic statistics, together with the burstification process, which is the main response of such statistics [12] . In the following discussions, we briefly present the different burstifiers proposed in OBS and its impacts on both commonly considered traffic models and real data collected in a metro-regional link.
A. Burstification Process
The burstifier (also known as burst assembly) installed in the edge nodes is in charge of producing the optical bursts. Burstification algorithms can be classified as timer-based, size-based, and hybrid timer/size-based [13] . In the timer-based scheme, a timer starts upon the arrival of the first packet to an empty queue, i.e., at the beginning of a new assembly cycle. After a fixed time, all the packets arrived in this period are assembled into a burst. In the size-based scheme, a burst is sent out when enough packets have been collected in the assembly queue such that the size of the resulting burst exceeds a given threshold. In the hybrid algorithms, a burst can be sent out when either the burst length exceeds the desirable size or the timer expires.
Recently some threshold-adaptive, hybrid burstifiers are proposed to eventually respond to traffic changes. They are not considered here since its impact on the traffic statistics cannot be easily determined.
B. Analytical Models
The statistical properties of the traffic are highly dependent on the burstification algorithm. Indeed, packets coming from the client networks have to wait in the electronic aggregation queues some amount of time until the given thresholds are reached. Depending on the threshold (size, time, or hybrid), the burst interarrival times are different.
On the other hand, the statistical features of the outgoing traffic from the burstifier also depend on the input traffic. Let us make a distinction between Poisson, self-similar, and multifractal input in the following sections.
1) Poisson Input:
For size-based burstifiers, the burst size is constant and the interarrival times follow an Erlang distribution, as pointed out in [14] . Actually, the burst interarrival time can be modeled by a (finite) sum of independent exponential random variables, which gives raise to an Erlang distribution. On the other hand, timer-based burstifiers provide constant interarrival times and a burst size, which converges in distribution to Gaussian. Note that the timer enforces a constant interarrival time, whereas the burst size distribution can be explained by means of the Central Limit Theorem. Actually, bursts are made up of a random number of packets, which arrive in between consecutive timeouts. As a result, the burst size is a sum of independent random variables. If the link speed is high, a large number of packets are expected per burst, and the Gaussian distribution follows. Finally, the analytical expressions for burst size and interarrival times for hybrid burstifiers are rather involved and they largely depend on the load conditions. If the load is high, chances are that the size-based threshold expires continuously, and the traffic resembles that of a size-based burstifier. Conversely, in low load situations, the timer is likely to expire, and the generated traffic is similar to that of a timer-based burstifier.
2) Self-Similar Input: In the self-similar case, the input traffic is a continuous-time Gaussian stochastic process with heavytailed auto-correlation, namely the auto-correlation presents a hyperbolic decay with the lag. The analysis presented in [15] shows that timer-based burstifiers provide a Gaussian burst-size, because the input is a Gaussian fluid, and constant-interarrival times. Furthermore, size-based burstifiers show nearly Gaussian interarrival times and constant burst size. Hybrid burstifiers are somehow in between; several burstification strategies are considered in [16] where an analysis of the burstifier outgoing traffic based on different combinations of size and time is provided.
3) Multifractal Input: A more complex version of self-similarity is the multifractal traffic model [17] . As self-similar, this model shows a slowly decaying dependence structure. The difference is that the scaling property of this process is not uniform across multiple time scales and orders of statistics. Currently, there are no investigations on the burst statistics when multifractal model is considered as input traffic.
C. Real Data Collection and Traffic Characterization
We consider a scenario where several client networks are attached to a single OBS node, which performs packets aggregation and bursts generation. For the client traffic, we use real packet traces captured with an ad hoc measurement platform designed to operate at gigabit speed with no packet loss and nanoseconds precision in the packet time stamp [18] . The point of measurement is a pair of Full-Duplex Gigabit Ethernet links (two per each traffic direction, thus 2 Gbit/s per direction) that connects the Catalan R&D network (about 50 Universities and Research Centers) with the Spanish R&D RedIris network and to the global Internet. The importance of having nanoseconds precision is fundamental to capture the correct statistic properties of the traces and we note that worse accuracy produces completely different results [19] . In this metro-regional link, the monitored packet traces do not present Poisson or monofractal self-similar properties but complex multifractal scaling behaviors [19] . Thus, we perform our evaluation with these real traces.
At the OBS edge node, a hybrid timer/size threshold burstifier is used to aggregate the packets. To emulate the aggregation of different client networks, several real traces have been multiplexed in order to have 0.5 load on average in a 10 Gbit/s channel. The timer threshold of the burstifier is set to 5 ms and the maximum burst length to 250 Kbytes. To stress the EDFA, a guard time of 10 ns is applied to separate the bursts. We assume that the OBS network domain is composed of 30 nodes; the destination of the bursts is obtained aggregating the IP addresses of the packet traces according to their geographical location.
As commented in Section III-B, the obtained burst trace changes the short-range characteristics of the packet trace and has quasi-Gaussian distributed both interarrival time and burst size with bounded marginal distributions. On the contrary, the long-range characteristics maintain the same statistics as the packet traces, i.e., they have nontrivial multifractal scaling behavior.
D. Experimental Analyses With Typical Burst Traffic
The power variation on the input of the amplifier is now determined by the burst traffic data discussed in the previous section. The ad hoc measurement platform described on Section III-C provides 14-s traces composed by 95 000 bursts. A 1-s long WDM burst stream is assembled from uncorrelated data samples from different time slots. Burst lengths are in the order of tens of microseconds. A sample of the burst optical signal is shown in Fig. 13 with the power scaled to the number of channels. The average power at the input of the amplifier is dBm and corresponds to the level of 8 channels.
The gain variation for the both clamped and nonclamped amplifier is shown in Fig. 14 . The 3.3 dB ripples that are present when the nonclamped amplifier is used are within 0.3 dB for the clamped case.
The eye diagram of the nonclamped amplified burst traffic data in Fig. 15(a) is less noisy than the cases discussed in the previous section: Figs. 6(a) and 7(a). This phenomenon is observed in the case of burst traffic because the power variation steps are smaller than the ones simulated in the previous cases. Another factor that contributes to this improvement is the fact that the steps occur at a faster rate than the one in the previous eye diagrams. Fig. 16 shows that with OCG-OA, the performance of the system is improved by 1.5 dB at a BER equal to . 
IV. CONCLUSION
The effectiveness of optical gain-clamping technique to stabilize amplifier at the presence of OBS traffic is investigated. Abrupt 1 kHz add/drop of 16 channels result in power excursions of 6 dB for the surviving channel when no gain stabilization technique is implemented. The passive all-optical clamping method limits power excursions to 0.5 dB. The gain control reduces transmission penalty by 3 dB when . Cutting the number of channels from 16 to 4 reduces the nonclamped power excursions by 3 dB, which translates into 1.5 dB improvement for . Applying the clamping techniques still improves the BER by additional 1.5 dB while power excursions are limited to 0.2 dB. The 0.3 dB difference between clamped amplifiers with 16 and 4 channels are not sensed by the system in terms of performance: the BER curves are similar.
When typical OBS traffic is used, the average input power remains the same, corresponding to 8 channels. Nevertheless, the variation steps are smaller and therefore the nonstabilized gain amplifier causes the output power to fluctuate within 3.3 dB. Applying the clamping technique described here limits these power excursions to 0.3 dB. This 3 dB improvement increases the system performance by 1.5 dB with . 
